Quantum nonlocality: How does Nature perform the trick? 
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Since our early childhood we know in our bones 
that in order to interact with an object we have 
either to go to it or to throw something at it. Yet, 
contrary to all our daily experience, Nature is non- 
local: there are spatially separated systems that 
exhibit nonlocal correlations. In recent years this 
led to new experiments, deeper understanding of 
the tension between quantum physics and relativ- 
ity and to proposals for disruptive technologies. 

Consider two spatially separated quantum sys- 
tems, one controlled by Alice, the other by Bob, in 
a pure state ip. Alice and Bob may perform some 
measurements x and y on their systems and collect 
the results a and 6, respectively. This situation is 
described by a conditional probability distribution 
p^(a, b\x, y). In general this correlation doesn't fac- 
torize: p^(a,5|x,?/) ^ p^{a\x) ■ pji,{b\y), i.e. the two 
systems are correlated. At first, this is no surprise, 
correlations are everywhere. For example, consider 
two cups of the same color, either both red or both 
green, one in Alice's and one in Bob's hands. If 
they looks at the color of their cups, Alice and 
Bob's results are correlated. In this example the 
origin of the correlation is obvious, Alice and Bob 
had only partial information: they knew that both 
have the same color, but they ignored which color. 
This differs deeply from the quantum situation, as 
quantum theory claims that a pure state provides a 
complete description of the two systems. This led 
EPR0 to believe that quantum theory is incom- 
plete in the same sense as the description "of the 
same color" provides only an incomplete descrip- 
tion of the color state of the cups. 

Let us now consider the situation described by 
any possible future theory. Define A as the state 
that this future theory ascribes to the two spatially 
separated systems and assume that: p\{a, b\x, y) — 
p\{a\x) ■ px{h\y). A priori it seems hard to make 
any prediction from this assumption since we do 
not know this future theory. But John Bell noticed 
that the experiments we perform today necessar- 
ily correspond to a statistical mixture of the more 
refined states of this future theory: p^{a,b\x^y) — 
J dXp(X)p\{a,b\x,y), from which he derived his fa- 
mous inequality satisfied by all local correlations. 
Let us emphasize that a violation of Bell's in- 



equality not only tells us something about quan- 
tum physics, but - more impressively - tells us that 
in all possible future theories some spatially sepa- 
rated systems exhibit nonlocal correlations. Con- 
sequently, it is Nature herself that is nonlocal. 

Many physicists feel uneasy with nonlocality [3]. 
A part of the uneasiness comes from a confusion be- 
tween nonlocal correlations and nonlocal signalling. 
The latter means the possibility to signal at arbi- 
trarily fast speeds, a clear contradiction to relativ- 
ity. However, the nonlocal correlations of quan- 
tum physics are nonsignalling. This should re- 
move some of the uneasiness. Furthermore, note 
that in a nonsignalling world, correlations can be 
nonlocal only if the measurement results were not 
pre-determined. Indeed, if the results were pre- 
determined (and accessible with future theories and 
technologies), then one could exploit nonlocal cor- 
relations to signal. This fact has recently been used 
to produce bit strings with proven randomness jjj . 
This is fascinating because it places quantum non- 
locality no longer at the center of a debate full of 
susceptibilities and prejudice, but as a resource for 
future quantum technologies. We'll come back to 
this, but beforehand let us present a few recent ex- 
perimental tests of quantum nonlocality. 

The pioneering experiment by Clauser[5] suffered 
from a few loopholes, but these have since been 
separately closed '6', '7^. Still, correlations cry out 
for explanations, as emphasized by BellfS]. Ev- 
eryone confronted with nonlocal correlations feels 
that the two systems somehow influence each other 
(e.g. Einstein's famous spooky action at a distance). 
This is also the way textbooks describe the process: 
a first measurement triggers a collapse of the entire 
state vector, hence modifying the state at the dis- 
tant side. In recent years these intuitions have been 
taken seriously, leading to new experimental tests. 
If there is an influence from Alice to Bob, this influ- 
ence has to propagate faster than light, as existing 
experiments have already demonstrated violation 
of Bell's inequality between space-like separated 
regions [S]. But a faster than light speed can only 
be deflned with respect to a hypothetical universal 
privileged reference frame, as the one in which the 
cosmic background radiation is isotropic. The basic 
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idea is that if correlations are due to some " hidden 
influence" that propagates at finite speed, then, if 
the two measurements are sufficiently well synchro- 
nized in the hypothetical privileged frame, the in- 
fluence doesn't arrive on time and one shouldn't 
observe nonlocal correlations. Remains the prob- 
lem that one doesn't know a priori the privileged 
frame in which one should synchronize the measure- 
ments. This difficulty was recently circumvented by 
taking advantage of the Earth's 24 hours rotation, 
setting thus stringent lower bounds on the speed of 
these hypothetical influences |10|. Hence, nonlocal 
correlations happen without one system influenc- 
ing the oter. In another set of experiments the two 
observers, Alice and Bob, were set in motion in op- 
posite directions in such a way that each in its own 
inertial reference frame felt he performed his mea- 
surement first and could thus not be influenced by 
his partner [TTl [T^]. Hence, quantum correlations 
happen without any time-ordering. 

All of today's experimental evidence points to 
one conclusion: Nature is nonlocal. As for any 
truly deep finding, this one has implications both 
for our world view and for future technologies. Let 
us first give an example of the second implication. 
Quantum Key Distribution (QKD) is the most ad- 
vanced application of c^uantum information science. 
Today's commercial QKD systems rely on sound 
principles, but their implementation has to be thor- 
oughly tested in order to check for unwanted side 
channels that an adversary could exploit. For ex- 
ample, the photons emitted by Alice could, in ad- 
dition to carrying a quantum bit encoded in its po- 
larization state, also carry redundant information 
unwittingly encoded in the timing of the photons, 
or in their spectra. This is possible because today's 
QKD systems do not rely on nonlocal correlations. 
If they would, the mere fact that the correlations 
between the data collected by Alice and Bob violate 
Bell's inequality would suffice to guarantee the ab- 
sence of any side channel. This was the intuition of 
Ekert in 1991 [13], but was proven only in 2007 [15 . 
Note the amazing consequence [T3] : in future, it will 
be possible to buy cryptography systems from ones 
adversary as the observation of nonlocal correla- 
tions will guarantee the proper functioning of the 
system! 

To conclude let us come to the conceptual im- 
plications. In modern quantum physics entangle- 
ment is fundamental; furthermore, space is irrele- 
vant - at least in quantum information science space 
plays no central role and time is a mere discrete 
clock parameter. In relativity space-time is funda- 
mental and there is no place for nonlocal correla- 
tions. To put the tension in other words: no story 
in space-time can tell us how nonlocal correlations 
happen, hence nonlocal quantum correlations seem 
to emerge, somehow, from outside space-time. 
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